In the twenty-first century, most high-performance concretes, and many other ordinary concretes, are now based on blended cements that contain silica fume, slag, and/or fly ash additions. Because the chemical shrinkage accompanying the pozzolanic and hydraulic reactions of these mineral admixtures is generally much greater than that accompanying conventional portland cement hydration, these blended cements may have an increased demand for additional curing water. When such water cannot be supplied efficiently by external curing, internal curing becomes necessary, if the maintenance of saturated hydration conditions in the blended cement paste is desired. In this paper, the internal curing of three different high-performance blended cement mortars is evaluated with respect to measured autogenous deformation and compressive strength development. Internal curing is particularly beneficial for the mortars containing silica fume or slag blended cements. For the blended cement containing a Type F fly ash, less autogenous deformation is observed, due to the maintenance of a more open (percolated) pore structure containing larger pores, as supported by low temperature calorimetry measurements on hydrated paste specimens. In addition to providing a substantial reduction in autogenous shrinkage at early ages, internal curing also provided a significant increase in long term (28 d and beyond) compressive strength in the three mortars investigated in this study.
Introduction
In the twenty-first century, concretes containing blended cements are becoming the rule rather than the exception. Most cement manufacturers now produce one or more blended cement products, and ready-mix producers are generally quite comfortable with blending an ordinary portland cement (OPC) with one or more mineral admixtures during concrete production at their ready-mix plants. This is true for both normal strength and high-performance concretes. It is well known that blended cement concretes may have different curing requirements and exhibit different sensitivity to curing conditions than OPC concretes. [1] [2] [3] High-performance concrete (HPC) often requires specialized curing procedures to avoid early-age cracking, due at least partially to the earlier depercolation of the capillary pores that occurs in most high-performance mixtures and the self-desiccation and autogenous shrinkage that follow soon thereafter. Also in the twenty-first century, the practice of internal curing (IC) has been developed and demonstrated to substantially reduce autogenous shrinkage and minimize early-age cracking of high-performance mixtures. [4] [5] [6] [7] [8] In this paper, the internal curing requirements of three different high-performance blended cement mortars will be examined with respect to autogenous deformation and compressive strength development.
Three commercially-available blended cements were obtained from two different cement manufacturers. The characteristics of the cements and their chemical (oxide) compositions as provided by their manufacturers are provided in Table 1 . In each case, sufficient samples of the cement were obtained to complete all of the paste and mortar mixtures comprising the present study. The particle size distributions (PSDs) of the three blended cements were measured using a laser diffraction technique. The results presented in Figure 1 indicate that they have quite similar PSDs, each with a modal diameter near 20 μm (7.9x10 -4 in.) and a median diameter closer to 10 μm (3.9x10 -4 in.).
The lightweight fine aggregate, an expanded shale, was obtained from an LWA manufacturer. The LWA has an SSD specific gravity of 1.80 ± 0.05 (one standard deviation) and a measured desorption of 22.6 % by mass when the SSD LWA was exposed to a salt solution of potassium nitrate (equilibrium RH of 93 %). The total absorption capacity of the LWA was 23.8 % by mass as measured by drying an SSD sample in a dessicator. The size distribution of the LWA was determined by sieving for the purpose of replacing a similar distribution of normal weight sand in the mortar mixtures with internal curing; the measured size distribution is provided in Table 2 . This replacement was performed on a volume basis, so that for each blended cement mortar system, the control and internally cured mixtures will have the same volume of paste. 
Low Temperature Calorimetry
Low temperature calorimetry (LTC) scans were conducted in order to determine the ages at which depercolation of the capillary porosity occurs for the different blended cements. Small pieces of the hydrated cement pastes (w/cm=0.3, prepared with the same water-reducing admixture dosage as the mortar mixtures described below) cured under saturated conditions were used in the LTC experiments. Sample mass was typically between 30 mg (0.001 oz.) and 90 mg (0.003 oz.). For each LTC experiment, one small piece of the relevant cement paste was surface dried and placed in a small open stainless steel pan. The pan with the sample, along with an empty reference pan of similar mass to the empty sample pan, was placed in the calorimeter cell. . The peaks observed in a plot of heat flow (normalized to the mass of the sample) versus temperature correspond to water freezing in pores with various size entryways (pore necks). 12, 13 The smaller the pore entryway, the more the freezing peak is depressed. In the current study, the presence or absence of a peak near -15 o C (5 o F) is used to infer the percolation/depercolation state of the capillary pore network in the hydrating cement pastes. 13 One advantage of LTC over mercury intrusion porosimetry, and other techniques for assessing pore size and connectivity, is that specimens are evaluated without any applied drying that might damage the pore structure.
Chemical Shrinkage
To have an estimate of the internal curing water demand of the various blended cements, their chemical shrinkages were measured using the ASTM C 1608 standard test method.
14 While the standard recommends a w/cm=0.4 paste, in this study, to avoid any chance of bleeding, w/cm=0.35 cement pastes were prepared and evaluated at 25 o C. While the mortar mixtures and cement pastes for the low temperature calorimetry experiments were prepared with a w/cm=0.3, w/cm=0.35 pastes were prepared for the chemical shrinkage measurements in order to prolong the measurement period (time) before depercolation of the capillary pores occurs at which point the measured water imbibition will fall below the true chemical shrinkage value for the paste. According to the ASTM standard, the expected precision for the test is 0.0042 kg of water per kg of cement (lb of water per lb of cement). For these experiments, three replicate specimens of each paste were prepared and the mean value of the chemical shrinkage reported, as shown later in Figure 4 .
Mortar Mixtures
For each blended cement, two w/cm=0.3 mortar mixtures were prepared, the first a "control" mixture with no internal curing and the second a mixture with an extra 0.08 mass units of internal curing water per unit mass of blended cement, supplied by the SSD LWA. Other than a change in the specific cement used, the mixture proportions were identical for the three blended cements and are provided for the control and IC mixtures in Table 3 . For both mixtures, a blend of four normal weight sands (specific gravity = 2.61) that has been shown to provide improved particle packing for high-performance mortars was employed. As mentioned previously, the size distributions of the four normal weight sands and the LWA were measured so that the LWA could replace an equivalent distribution of normal weight sand in the mixture employing internal curing. The SSD LWA was prepared by first oven drying the LWA, cooling it to room temperature, and then mixing it in a sealed plastic container with the appropriate mass of water. The prewetted LWA in the sealed container was then placed in an environmental chamber maintained at 25 o C (77 o F) for a minimum of 24 h. The mortars were prepared in an epicyclic mixer, with the water and water-reducing admixture being placed in the mixing bowl first. Mixing was performed according to ASTM C305-99. 16 The unit weight of the fresh mortar was measured and sealed corrugated tubes and 50 mm (2 in.) cubes were prepared for the measurement of autogenous deformation and compressive strength development, respectively. Curing of the mortar specimens was conducted under sealed conditions (double sealed bagging) at 25 o C (77 o F).
Autogenous Deformation and Compressive Strength
Autogenous deformation was assessed using the dilatometer developed by Jensen and Hansen.
17,18 Corrugated low-density polyethylene tubes were carefully filled with the fresh mortar and sealed with two plastic end caps. The corrugated tubes were supported along their entire length prior to setting and their length was then periodically assessed using a digital dilatometer. Throughout the 56 d measurement period, the corrugated tube specimens and the dilatometer equipment were kept in a walk-in environmental chamber that was nominally maintained at 25 o C (77 o F). While the temperature of the environmental chamber was not continuously monitored, at the times it was observed, it was always found to be within 0. 
Results and Discussion

Low Temperature Calorimetry ---Curing Water Mobility
As indicated in the Experimental section, low temperature calorimetry was used to examine the percolation state of the capillary porosity of the various blended cement pastes as a function of hydration age. Once the capillary pores depercolate, it will be much more difficult to provide adequate "curing" water from an exterior surface (external curing), reinforcing the need for some type of internal curing. Furthermore, when present, the height of the LTC peak at -15 o C (5 o F) provides a good indication of the volume of percolated capillary pore water remaining in the specimen. 19 For the pastes cured for 1 d, all three blended cement pastes still exhibit a considerable volume of percolated capillary pores. Since a smaller LTC peak indicates less percolated capillary porosity or equivalently more hydration, the heights of the three -15 o C (5 o F) peaks at 1 d would suggest that in terms of early age reactivity, the system with the silica fume is the most reactive, followed by the one with the slag, and finally by the fly ash blended cement. This order is in agreement with the generally accepted relative reactivities of these three blending components. [20] [21] [22] For an ordinary portland cement paste with w/c=0.3, depercolation of the capillary porosity (via LTC scans) has been observed to occur between 1 d and 3 d of saturated curing. 12 The 2 d LTC scans for the blended cements indicate that for the pastes with silica fume and slag additions, the capillary pores do indeed depercolate between 1 d and 2 d of saturated blended cement with fly ash, the capillary pores remain somewhat percolated after 2 d to 3 d of saturated curing. The fly ash is likely only mildly reactive during the first days of hydration 22 so that at early ages, it is functioning much like a diluent that increases the effective w/c of the paste. The 25 % fly ash addition present in the FA blended cement would effectively increase the w/c from 0.3 to 0.4. For an ordinary portland cement paste with w/c=0. 4 , depercolation has been observed to occur between 3 d and 7 d of saturated curing. 12 Thus, further LTC scans were conducted for the FA system over curing times beyond 3 d, and as shown in Figure 3 , depercolation was observed to occur between 5 d and 7 d of saturated curing. The LTC results would suggest that internal curing will be especially useful in blended cements containing silica fume and/or slag where the capillary porosity has been observed to depercolate after less than 2 d of hydration. Since fly ash is much less reactive at early ages than the silica fume or slag, depercolation in blended cements containing fly ash will occur significantly later than in an equivalent w/cm ordinary cement paste. However, by considering the fly ash as a diluent, the depercolation time of the blended cement paste is basically equal to that of an ordinary portland cement paste of the equivalent effective w/c. From a practical viewpoint, the later depercolation of the capillary pores in the blended cement pastes containing fly ash means that external curing water (if properly applied) can be used efficiently by the hydrating paste for a longer period of time. The application of internal curing in such systems still may be an option worth considering in order to continue the hydration under (internally) saturated conditions after the capillary pores do depercolate (beyond 7 d for instance); this will be reinforced by the compressive strength results to be subsequently presented.
Chemical Shrinkage ---Curing Water Demand and Spatial Distribution
Chemical shrinkage measurements 14 were made to directly assess the (internal curing) water demand of the blended cement mixtures. 7 The measured results over the course of 21 d to 28 d of saturated curing are provided in Figure 4 . At ages of 1 d and beyond, the chemical shrinkage of the SF paste exceeds that of the SLAG and FA pastes. In comparing the chemical shrinkages of these blended cements, at least two factors must be considered. The first is the inherent chemical shrinkage associated with the chemical reactions that each specific mineral admixture undergoes in the cement. These values can be contrasted with the chemical shrinkage of 0.06 kg (lb) to 0.07 kg of water per kg of cement (lb of water per lb of cement) that is commonly observed for ordinary portland cements. 7 For example, Jensen 23 had provided a chemical shrinkage coefficient of 0.22 for the pozzolanic reaction between silica fume and the calcium hydroxide produced during cement hydration. Based on experimental measurements and a set of hypothesized reactions for a specific slag, Feng et al. 24 had arrived at a coefficient on the order of 0.18 for slag. Finally, based on its typical range of SiO 2 contents and a set of hypothesized reactions, 25 for Type F fly ash, a coefficient in the range of 0.10 to 0.16 is projected. Thus, in every case, for complete reaction, the chemical shrinkage coefficient associated with the mineral admixture is much greater than that typically associated with an equivalent mass of ordinary portland cement. The second factor that must be considered, however, is the achieved reactivity of the mineral admixture. Typically, in a blended cement, the achieved degree of hydration of the cement component exceeds that of the mineral admixture. [20] [21] [22] Since the generally accepted reactivity of silica fume is greater than that of slag or fly ash, it is not surprising that this same rank order is maintained in the measured chemical shrinkages presented in Figure 4 . Based on the long term values shown in Figure 4 , and considering that depercolation of the capillary pores is likely occurring in these pastes at ages of 7 d and beyond (perhaps maintaining the measured chemical shrinkage below its true value), it was decided to add 0.08 mass units of water per unit mass of blended cement for each mortar mixture prepared with internal curing. Of this 0.08 units, based on the measured desorption results for the LWA presented earlier, 0.076 (=0.08*22.6/23.8) units would be expected to be readily available for internal curing.
At this level of internal curing water addition, the spatial distribution of the LWA reservoirs was investigated using a three-dimensional hard core/soft shell microstructural model. 7, 26 Using the mixture proportions from Table 3 and the measured PSDs of the sands, it was determined that 30 % of the hydrating cement paste would be within 50 μm (0.002 in.) of an LWA reservoir surface, 63 % would be within 100 μm (0.0039 in.), and 96 % would be within 200 μm (0.0079 in.). Once the capillary pores depercolate at ages of 2 d to 7d for the mixtures investigated in this study, water transport may become limited to distances of 100 μm (0.0039 in.) to 200 μm (0.0079 in.). 27 Thus, according to this microstructural simulation, even at later ages, the internal curing water will be well distributed within the 3-D volume and should be readily available for continuing the hydration of the surrounding cement paste.
Autogenous Deformation
The measured results for autogenous deformation of the three blended cement mortars with and without internal curing are provided in Figure 5 . In each case, the application of internal curing is seen to provide a significant reduction in the observed autogenous deformation during the first 56 d of sealed hydration. For the FA and SLAG blended cement mortars, the internal curing is seen to nearly eliminate the autogenous shrinkage (microstrains of less than 100 at 28 d), while for the SF mortar, even with the internal curing providing about 0.08 mass units of extra curing water per unit mass of cement, substantial autogenous shrinkage is observed to occur between 3 d and 56 d of sealed curing. Based on this observation, a separate mortar mixture for the SF cement with 0.10 mass units of extra curing water was prepared and as shown in the top graph of Figure 5 , this level of internal curing was sufficient to effectively mitigate the (28 d) autogenous shrinkage of the mortar.
For the control mortars prepared without internal curing, the measured autogenous deformation for the FA mortar is much less than that for the SF and SLAG mortars. The shrinkage (deformation) of a partially-saturated porous media under an applied capillary stress can be estimated by:
where ε is the linear strain or shrinkage, S is the saturation (values between 0 and 1) or fraction of the porosity that is water-filled, σ cap is the stress developed in the pore fluid, K is the bulk modulus of the porous material with empty pores (dry), and K s is the bulk modulus of the material making up the solid framework of the porous material. In turn, the capillary (tensile) stress in the pore fluid is related to the size of the (assumed cylindrical) pores being emptied by:
where γ lg is the surface tension of the pore solution, α is the contact angle between pore solution and solids (often assumed to be 0 o ), and r is the radius of the largest (partially) water-filled pore. Based on equations (1) and (2), a coarser pore structure should lead to lower capillary stresses and less shrinkage. 30 The LTC results presented for the three mortars in Figure 2 would suggest a more percolated capillary pore structure and higher porosity for the FA control mortar that would be consistent with it having a coarser pore structure and thus less autogenous shrinkage, in agreement with the measured results in Figure 5 . While the SF control mortar likely has a finer pore structure (due to refinement by the very small silica fume particles along with their participation in a pozzolanic reaction with calcium hydroxide), its measured autogenous deformation is slightly less than that of the SLAG control mortar at ages of 7 d and beyond. As indicated in equation (1), this could be due to a higher modulus for the SF control mortar; compressive strength results supporting this hypothesis will be presented next. Figure 5 shows that the internal curing basically eliminated further autogenous shrinkage in the SLAG mortar at ages beyond 1 d. However, for the internally cured SF (both IC-8 and IC-10) and FA mortars, relative to the peak (positive) deformation values observed at 1 d, while long term autogenous shrinkage was substantially reduced when compared to that of the control mortars without internal curing, it was by no means eliminated. As previously suggested by Jensen and Hansen, 18 in systems containing such pozzolans, a portion of the autogenous shrinkage could be due to decalcification shrinkage, either due to dissolution of calcium hydroxide crystals or reduction in the calcium/silicon ratio of the primary hydration product, namely calcium silicate hydrate (C-S-H) gel. 31 Powers 32 initially suggested this as a mechanism to explain carbonation shrinkage of cement paste.
Compressive Strength Development
Compressive strengths for the various mortar mixtures are summarized in Table 4 , which provides the measured strengths of mortar cubes after 3 d, 8 d, 28 d, and 56 d of sealed curing. For all of the mortars with internal curing, a strength enhancement on the order of 10 % relative to the controls is generally observed at later ages (28 d and beyond) for the mean of the three specimens tested, as increased hydration overcomes any strength reduction due to addition of a porous LWA, in agreement with previous observations on other higher w/cm mortars with and without internal curing that have been subjected to sealed curing. 6, 33 At early ages, the SF mortar provides the highest compressive strengths, followed by the SLAG mortars and finally the FA mortars, in agreement with the expected relative early age reactivities of the three mineral admixtures and the percolated capillary porosity volume fractions inferred from the 1 d LTC scans presented in Figure 2 . At later ages, the SF mortars maintain the highest strengths, while the FA mortars obtain strengths that exceed those exhibited by the SLAG ones. 
Conclusions
The incorporation of internal curing in high-performance blended cement mortars by the addition of saturated lightweight fine aggregates has been shown to be an effective means of drastically reducing autogenous shrinkage. Since autogenous shrinkage is a main contributor to early-age cracking of these materials, it is to be expected that internal curing would also reduce such cracking. An additional benefit of internal curing beyond autogenous shrinkage reduction is a significant increase in compressive strength on the order of 10 % relative to control specimens at ages of 28 d and beyond (8 d and beyond for silica fume blended cement), under the sealed curing conditions employed in this study. As internal curing maintains saturated conditions within the hydrating (blended) cement paste, the magnitude of internal selfdesiccation stresses are reduced and long term hydration is increased. Internal curing was found to be particularly effective for the high-performance blended cement mortars containing silica fume and slag, with the silica fume blended cement having the highest demand for (internal) curing water. For the blended cement mortar containing a Type F fly ash, the fly ash appears to function mainly as a diluent at early ages, and the higher and coarser porosity of this mortar resulted in less autogenous shrinkage, even in the control mixture without internal curing. Thus, properly applied external curing may be effective for a longer period of time in a highperformance fly ash-cement mortar, with the option of providing internal curing to continue the maintenance of saturated capillary pores and enhanced hydration (and strength) in the cement paste in the long term.
